Introduction
============

Infection with the intracellular protozoan *Toxoplasma gondii* initiates a proinflammatory response that is matched by an anti-inflammatory process that ensures host survival. Parasite replication is controlled via a type-1 response characterized by IL-12/IFN-γ production [@b1]--[@b3]. IL-12 is primarily derived from DCs, but neutrophils, macrophages, and inflammatory monocytes are also important sources [@b1],[@b4]--[@b6]. IL-12 drives expansion of the IFN-γ-producing NK cells, CD4^+^ and CD8^+^ T cells that protect against this parasite [@b7],[@b8]. In the absence of adequate immune counter regulation, as seen in IL-10^−/−^ or 5-LO^−/−^ mice, exacerbated type-1 responses in *T. gondii*-infected mice cause severe immunopathology and mortality [@b7],[@b9],[@b10]. Therefore, it is important to understand the cellular interactions that promote clearance of pathogens with minimal damage to the host.

Regulation of proinflammatory cytokine production in response to *T. gondii* infection involves interactions among several molecules, including coreceptors expressed by both APCs and T cells. Among these, a CD28/B7 interaction was shown to promote type-1 inflammatory responses [@b11]. On the other hand, negative regulators of T-cell activation, such as CTLA-4, limit type-1 responses to a number of protozoan parasitic, bacterial, and viral infections [@b12]--[@b14]. In contrast, little is known about how programmed death-1 (PD-1), a B7-family member, regulates type-1 responses to intracellular infections.

Previously, the PD-1 pathway has been described to limit the inflammatory response in multiple disease models [@b15]. PD-1 (CD279/*Pdcd1*) expression is inducible on a number of leukocytes, including T cells, B cells, NK cells, DCs, and monocytes [@b15]--[@b17]. PD-1 inhibits antiviral T-cell responses during chronic infection with LCMV, HIV, and HCV via interaction with its two known ligands PD-L1 (B7-H1/CD274) and PD-L2 (B7-DC/CD273) [@b18],[@b19]. Multiple reports suggest that PD-1 attenuates inflammation by suppressing cytokine production from innate immune cells or limiting T-cell proliferation and effector functions [@b16]. However, a broad characterization of the mechanisms by which PD-1 regulates pro- and anti-inflammatory cytokine responses has not been reported.

Here we postulate that PD-1 plays a regulatory role during *T. gondii* infection, similar to its role in other microbial infections [@b20]--[@b23]. To test this hypothesis we examined the outcome of systemic *T. gondii* infection in PD-1-deficient mice. Unexpectedly, PD-1^−/−^ animals were highly susceptible to *T. gondii* infection with increased parasite replication and lower type-1 cytokine production. Paradoxically, we found increased baseline IL-10 levels in both PD-1^−/−^ mice and anti-PD-1 mAb-treated naïve WT mice. Such elevated IL-10 in naïve animals limited the ability of these mice to generate the potent type-1 cytokine response that is essential for control of parasite replication and survival upon infection. Indeed, neutralization of IL-10 receptor or reconstitution with recombinant IL-12 prior to infection restored protective immunity in PD-1^−/−^ mice. Furthermore, we found that the lack of PD-1 resulted in increased IL-10 production from the CD4^+^ CD25^−^ and CD8^+^ T-cell populations in naïve mice. Collectively, this study reveals an as-yet undefined host feedback response to the absence of PD-1 signaling via the production of IL-10 with direct consequences for immune therapies that block PD-1.

Results
=======

PD-1 deficient mice are susceptible to *T. gondii* infection
------------------------------------------------------------

Control of excessive inflammation is critical for host survival following *T. gondii* infection. Therefore, we asked whether PD-1 played a critical role in the suppression of proinflammatory responses to *T. gondii* infection. Given the counter-regulatory activity of PD-1, we hypothesized that PD-1^−/−^ mice would control parasite replication better than their WT counterparts. To test this hypothesis, naïve WT and PD-1^−/−^ mice were infected i.p. with the avirulent ME49 strain of *T. gondii* (50 cysts/mouse) and monitored for survival. While all WT mice survived at least 50 days after infection, PD-1^−/−^ mice had significant early mortality with a median survival time of 13 days (Fig. [1](#fig01){ref-type="fig"}) and infection with only 20 cysts was lethal for PD-1^−/−^ mice (data not shown).

![PD-1 deficient mice are susceptible to *T. gondii* infection. Survival of WT and PD-1^−/−^ mice infected with 50 cysts i.p. (*n* = 6/group). Data are from a single experiment representative of three independent experiments. Statistical significance between survival curves was compared using the log rank test.](eji0044-0469-f1){#fig01}

Susceptibility to *T. gondii* can be due to an inability to control parasite replication or result from immunopathology. To determine whether death was associated with alterations in parasite replication we evaluated parasite accumulation in the brain 25 days after infection. To our surprise, brains from infected PD-1^−/−^ mice had a ∼2.5-fold higher cyst burden than brains from infected WT mice (Fig. [2](#fig02){ref-type="fig"}A). This suggests that protective immunity is absent or reduced in PD-1^−/−^ mice.

![Decreased protective cytokine production and uncontrolled parasite replication in infected PD-1^−/−^ mice. (A) *T. gondii* brain cysts from infected mice 25 days postinfection. (B--D) Serum level of (B) IL-12p40, (C) IL-12p70, and (D) IFN-γ from infected mice harvested at days 0, 3, 5, and 7 after infection were determined by ELISA. (A--D) Data are shown as mean ± SEM of six mice per group from one experiment representative of three performed. (E, F) Total spleen cells were harvested 7 days after infection from WT (empty bars) or PD-1^−/−^ (filled bars) mice and stained for CD3 and (E) CD4, or (F) CD8, MHCI-GRA4/GRA6 peptide or MHCII-TGME49_0123000 605--619 peptide tetramers. Cells were acquired and analyzed as shown in Supporting Information Fig. [1](#fig01){ref-type="fig"}. Data are shown as mean + SEM of three mice per group from one experiment representative of three performed. \**p* \< 0.05, \*\*\**p* \< 0.001, two-way ANOVA with a Bonferroni posttest.](eji0044-0469-f2){#fig02}

Type-1 cytokine (IL-12/IFN-γ) production during the acute response to *T. gondii* is critical for controlling parasite replication [@b2],[@b3],[@b24]. To determine whether increased mortality in PD-1^−/−^ mice was associated with suboptimal cytokine production, we measured serum IL-12p40, IL-12p70, and IFN-γ levels 0, 3, 5, 7, and 9 days after *T. gondii* infection. Prior to infection, serum cytokine levels were similar between both strains with no detectable differences in the concentrations of serum IL-12p40 (Fig. [2](#fig02){ref-type="fig"}B) (IL-12p70 and IFN-γ were below the LOD). However, PD-1^−/−^ mice had lower serum levels (*p* \< 0.05) of IL-12p40, and IL-12p70 than WT mice 5 days after infection, (Fig. [2](#fig02){ref-type="fig"}B and C) and IFN-γ (Fig. [2](#fig02){ref-type="fig"}D) and parasite-specific CD4^+^ (Fig. [2](#fig02){ref-type="fig"}E) and CD8^+^ (Fig. [2](#fig02){ref-type="fig"}F) T cells 7 days after infection. The reduced immune response in infected PD-1^−/−^ mice suggested that their increased parasite burden and death were associated with an inability to develop adequate immunity to infection.

Exogenous IL-12 treatment rescues PD-1^−/−^ mice infected with *T. gondii*
--------------------------------------------------------------------------

To determine whether the reduced IL-12 production in PD-1^−/−^ mice could be responsible for their increased mortality and higher parasite burden, WT and PD-1^−/−^ mice were treated with recombinant IL-12 48 and 24 h before *T. gondii* inoculation. This rescued PD-1^−/−^ mice from mortality (Fig. [3](#fig03){ref-type="fig"}A). rIL-12-also significantly (*p* \< 0.001) reduced brain (Fig. [3](#fig03){ref-type="fig"}B), liver, and spleen (Fig. [3](#fig03){ref-type="fig"}C) parasite burden in PD-1^−/−^ mice to numbers similar to those seen in infected WT mice and normalized serum IFN-γ levels (Fig. [3](#fig03){ref-type="fig"}C). Thus, defective IL-12 induction may mediate the increased susceptibility of PD-1^−/−^ mice to *T. gondii* infection.

![IL-12 treatment rescues PD-1^−/−^ mice during *T. gondii* infection. WT and PD-1^−/−^ mice were treated with 200 ng of recombinant IL-12 (rIL-12) 48 and 24 h prior to *T. gondii* infection. (A) WT and PD-1^−/−^ were infected with 50 cysts and monitored daily for survival. (B) Cyst counts from *T. gondii-*infected mice treated or untreated with IL-12 are shown. (C) Serum levels of IFN-γ were determined in samples harvested 7 days after infection. (D) Total DNA was extracted and PCR performed for *T. gondii* B1 gene at day 15 after infection. Data are shown as mean + SEM of *n* = 8 mice/group and are from a single experiment representative of three independent experiments. \*\*\**p* \< 0.001, one--way ANOVA.](eji0044-0469-f3){#fig03}

IL-12 deficiency in PD-1^−/−^ mice is not due to an intrinsic DC defect
-----------------------------------------------------------------------

CD11c^+^ DCs---the primary IL-12 producers after *T. gondii* infection---are required for protection against this pathogen [@b1],[@b4],[@b24]. CD11c^+^ DC numbers were similar in WT and PD-1^−/−^ mice (data not shown). To determine whether PD-1^−/−^ CD11c^+^ DCs respond normally to *T. gondii* antigen stimulation, mice were injected i.p. with soluble tachyzoite antigen (STAg), which elicits IL-12 production from CD11c^+^ DCs [@b4],[@b25]. Upon challenge, PD-1^−/−^ mice had lower serum IL-12p70 than their WT counterparts (Fig. [4](#fig04){ref-type="fig"}A). This suggests that in vivo, IL-12 production is attenuated in PD1^−/−^ DCs.

![In vivo environment regulates the levels of DC IL-12 production in PD-1^−/−^ mice. (A) IL-12p70 was measured in the serum of WT and PD-1^−/−^mice challenged with 20 μg of STAg i.p. Data are shown as mean + SEM of *n* = 4/group. (B) IL-12 p70 was measured in supernatants from WT and PD-1^−/−^ splenic CD11c^+^ DCs. Data are shown as mean + SEM of *n* = 3 mice/group. CD11c^+^ DCs were purified using CD11c-MACS beads. Following purification, cells were stimulated with STAg (10 μg/mL) or CpG (1 μg/mL). Data shown are from single experiments representative of three experiments performed. \*\*\**p* \< 0.001, two-way ANOVA with a Bonferroni posttest.](eji0044-0469-f4){#fig04}

In order to assess whether the lower in vivo IL-12 production by PD-1^−/−^ DCs is due to a cell-intrinsic defect, splenic CD11c^+^ cells were purified from naïve WT and PD-1^−/−^ mice using CD11c MACS-beads and stimulated in vitro with STAg or with CpG-oligos. Surprisingly, no detectable differences in IL-12 production following in vitro stimulation was seen in PD-1^−/−^ DCs (Fig. [4](#fig04){ref-type="fig"}B). This similarity in in vitro IL-12 responses by PD-1^−/−^ and WT DCs to TLR stimulation implies that the PD-1^−/−^ in vivo environment inhibits DC IL-12 production, but that this inhibition is lost once DCs are removed from the host. Similarly, "DC paralysis" (unresponsiveness to microbial stimulation in vivo with restored responsiveness in vitro) has been previously observed by us and others [@b26],[@b27].

Steady-state IL-10 expression is increased in the absence of PD-1 signaling
---------------------------------------------------------------------------

Because IL-10 has an important counter-regulatory role, including inhibition of DC IL-12 production [@b28],[@b29] we hypothesized that IL-10 production might be inhibited by PD-1 in naïve mice. Indeed, IL-10 transcript levels in spleen cells from naive PD-1^−/−^ mice were considerably greater than those from age- and sex-matched WT mice, as determined by quantitative RT-PCR (Fig. [5](#fig05){ref-type="fig"}A). To ensure that increased this IL-10 transcript expression correlated with IL-10 protein production, we quantified in vivo IL-10 production with the in vivo cytokine capture assay, which can increase the sensitivity of cytokine detection up to 100-fold [@b30]. Figure [5](#fig05){ref-type="fig"}B shows that the levels of systemic IL-10 protein are significantly (*p* \< 0.05) elevated in naive PD-1^−/−^ mice when compared with those in WT controls (Fig. [5](#fig05){ref-type="fig"}B). Furthermore, systemic IL-10 levels remained significantly (*p* \< 0.01) increased in PD-1^−/−^ mice after *T. gondii* infection (Fig. [5](#fig05){ref-type="fig"}C).

![Homeostatic IL-10 production is enhanced in the absence of PD-1. (A) IL-10 mRNA expression was measured by qRT-PCR in total spleen cells from naïve WT and PD-1^−/−^ mice. Data are shown as mean + SEM of *n* = 6/group. (B) IL-10 was measured in the serum of naïve WT and PD-1^−/−^ mice using in vivo cytokine capture assay (IVCCA) specific for IL-10 and shown as mean + SEM of *n* = 5--6 mice/group. (C) Serum IL-10 was measured three days after *T. gondii* infection with 50 cysts i.p. (D) Serum IL-10 was measured, using IVCCA, from naïve WT or PD-L2-deficient mice treated with anti-PD-1, -PD-L1, or -PD-L2 blocking antibodies (250 μg/0.2 mL PBS i.p.) on days 0, 3, 6, 9, and 12. Data are shown as mean + SEM of 4--6 mice and are from single experiments representative of three independent experiments. *\*p* \< 0.05, *\*\*p* \< 0.01, *\*\*p* \< 0.001, Stu-dent's *t*-test (A--C), or one-way ANOVA (D).](eji0044-0469-f5){#fig05}

Signaling through PD-1 is triggered by ligation with PD-L1 and PD-L2. To determine the involvement of these PD-1 ligands in inhibition of IL-10 production, we treated WT mice with anti-PD-1 mAb for 12 days; this significantly (*p* \< 0.05) increased serum IL-10 concentrations (Fig. [5](#fig05){ref-type="fig"}D). However, neutralization of PD-L1 significantly (*p* \< 0.01) decreased IL-10 while PD-L2 had no effect. Moreover, anti-PDL1 treatment of PDL2-deficient mice did not change baseline IL-10 levels (Fig. [5](#fig05){ref-type="fig"}D). Notably, treatment with anti-PD-1 mAb for only 3 days did not affect baseline IL-10 (data not shown).

Regulation of T-cell IL-10 is lost in PD-1 deficient mice
---------------------------------------------------------

IL-10 is produced by T cells, B cells, DCs, macrophages, and other cell types [@b31]. The elevated systemic IL-10 levels seen in PD-1^−/−^ mice suggested that a PD-1-sensitive cell(s) population(s) is (are) the source of this cytokine. To identify this population(s), Vert-X mice (IL-10/eGFP-reporter mice) were crossed with PD-1^−/−^ mice and IL-10-producing cells from naïve mice were identified by flow cytometry. Consistent to our observations above, the frequency as well as in the total number of IL-10^+^ splenic leukocytes were significantly increased in Vert-X PD-1^−/−^ mice (Fig. [6](#fig06){ref-type="fig"}A and B). Circulating levels of IL-10 in Vert-X PD-1^−/−^ versus VertX PD-1^+/+^ mice were consistent with the number of IL-10-producing cells (compare Fig. [6](#fig06){ref-type="fig"}A and B with Fig. [6](#fig06){ref-type="fig"}C). As previously described [@b32], under steady-state conditions naïve WT mice B cells (B220^+^ CD19^+^cells) are the major spleen-cell population making IL-10 (approximately 40--50% of GFP^+^ cells) (Fig. [6](#fig06){ref-type="fig"}D). In PD-1^−/−^ mice the frequency of IL-10^+^ B cells decreases, to approximately 20% of GFP^+^ cells, although the total number of IL-10^+^ B cells is not significantly different between the two genotypes (Fig. [6](#fig06){ref-type="fig"}D and E). These data suggest that PD-1 does not necessarily affect steady-state B-cell-derived IL-10-production. Interestingly, the frequency of CD3^+^CD4^+^CD25^−^ and CD3^+^CD8^+^ T cells making IL-10 increased fivefold for both populations (Fig. [6](#fig06){ref-type="fig"}D). This increased frequency is corroborated by a 100-fold increase in the total number of IL-10^+^ cells (Fig. [6](#fig06){ref-type="fig"}E). On the other hand, no significant differences in the frequency or total number of IL-10-producing NK, NKT, and myeloid cells (CD11b^+^CD11c^+^, CD11b^+^CD11c^−^, and CD11b^−^CD11c^+^) were detected (Fig. [6](#fig06){ref-type="fig"}D and E). Elevated IL-10 production in naïve PD1^−/−^ mice was abolished after in vivo depletion of CD4^+^ or CD8^+^ cells (Fig. [6](#fig06){ref-type="fig"}F). Conversely, such in vivo depletions allowed for enhanced IL-12p70 production after in vivo STAg challenge, performed as described in Figure [4](#fig04){ref-type="fig"} (Fig. [6](#fig06){ref-type="fig"}G). Taken together, the data strongly supports CD4^+^ and CD8^+^ T cells as the source of elevated IL-10 in PD1-deficient hosts.

![Increased steady-state IL-10 production in PD-1^−/−^ mice is derived from T cells. Splenic leukocytes were harvested from naïve control Vert-X and PD-1^−/−^ Vert-X mice and IL-10 (eGFP) expression was quantified by flow cytometry. The (A) frequency and (B) total number of IL-10^+^ cells within the spleen were determined by flow cytometry. (C) Serum IL-10 in the same animals as in (A) and (B), was determined by IVCCA. Each symbol represents an individual animal and bar represents the mean. (D) The frequency of IL-10^+^ cells within various the various lymphocyte subsets within the spleen was measured. (E) The total number of IL-10^+^ cells within each subset was determined. (F) Serum IL-10 levels in isotype control, anti-CD4 or anti-CD8-treated Vert-X WT or PD1-deficient mice, as determined by IVCCA are shown. (G) Serum IL-12p70 levels after in vivo depletion as described in (F) were determined. (D--G) Data are shown as mean + SEM of four animals and are from single experiments representative of two independent experiments performed. *\*p* \< 0.05, *\*\*p* \< 0.01, two-way ANOVA with Bonferroni posttest.](eji0044-0469-f6){#fig06}

IL-10R neutralization rescues type-1 inflammatory responses in PD-1^−/−^ mice
-----------------------------------------------------------------------------

IL-10 is a potent inhibitor of type-1 response during *T. gondii* infection as well as during other infections [@b7],[@b33],[@b34]. IL-10-deficient mice are susceptible to *T. gondii* infection due to an uncontrolled proinflammatory response. To determine the biological relevance of the elevated IL-10 in inhibiting type-1 immunity to infection in PD1^--/--^ mice, WT and PD-1^−/−^ were treated with IL-10R blocking-antibody before infection. As previously shown with IL-10-deficient hosts (30), anti-IL-10R Ab caused increased IL-12p70, and IFN-γ, but not IL-12p40, production in infected WT mice (Fig. [7](#fig07){ref-type="fig"}A--C). Similarly, anti-IL-10R-treated infected-PD-1^−/−^ hosts showed increased IL-12p70/IFN-γ production as compared with that in isotype-control-treated PD-1^−/−^ mice. Moreover, serum IL-12p40 levels were also significantly increased (Fig. [7](#fig07){ref-type="fig"}A--C). Importantly, anti-IL-10R-treated PD-1-deficient hosts showed greatly improved control of brain parasite accumulation (Fig. [7](#fig07){ref-type="fig"}D). However, as shown before with IL-10-deficient hosts [@b35], anti-IL-10R treatment induced mortality in both WT and PD-1-deficient hosts due to exacerbated proinflammatory reaction (not shown).

![IL-10R neutralization rescues type-1 responses in PD-1^−/−^ mice. IL-10R neutralizing antibody was administered to mice 24 h prior to infection with 50 *T. gondii* cysts. (A, B) Serum IL-12p40 and IL-12p70 were measured from serum harvested 5 days after infection. (C) IFN-γ was measured in serum harvested 7 days after infection. (D) Cyst counts from brain homogenates obtained 10 days after infection. (E) STAg-induced IL-12 p70 production 6 h after challenge. Data are shown as mean + SEM of triplicate samples and are from single experiments representative of two independent experiments performed. \**p* \< 0.005, \*\**p* \< 0.01, \*\*\**p* \< 0.001, one-way ANOVA test.](eji0044-0469-f7){#fig07}

To further establish whether the increased IL-10 levels in naïve PD-1^−/−^ mice are biologically relevant, we evaluated DC IL-12 responses to STAg injection with or without prior anti-IL-10R Ab treatment. IL-10R neutralization induced a two-fold increase in serum IL-12p70 when compared with that in isotype control-treated PD-1^−/−^ mice (Fig. [7](#fig07){ref-type="fig"}E).

In conclusion, the results shown here indicate that in the absence of PD-1, an increase in steady-state IL-10 production modifies the environment by attenuating type-1 cytokine responses to the pathogen as well as to DC cytokine production.

Discussion
==========

PD-1 plays a central role in immune tolerance, however its involvement in modulating inflammation during homeostasis is largely unknown. Use of the experimental *T. gondii* infection model demonstrates a novel function for PD-1 in supporting the production of protective type-1 inflammatory cytokines, IL-12 and IFN-γ, in response to infection. Also, we demonstrate that the inability to initiate a robust IL-12 response is not due to an intrinsic defect in PD-1^−/−^ DCs but due to the splenic microenvironment, because WT and PD-1^−/−^ DC produce equivalent amounts of IL-12 when stimulated in vitro. Moreover, we establish that type-1 responses are attenuated in the absence of PD-1 due to a systemic increase in IL-10 production in naïve mice. Using IL-10 transcriptional reporter mice (Vert-X), we find an increase in the frequency and total number of IL-10-producing spleen CD4^+^ and CD8^+^ T cells. Further, we demonstrate that neutralization of IL-10R activity in PD-1^−/−^ mice rescues production of Type-1 responses to *T. gondii* as well as STAg challenge. Thus, this study reveals that the absence of PD-1 signaling promotes an increase in IL-10 production, which increases susceptibility to opportunistic infections, including toxoplasmosis.

The inability of PD-1^−/−^ mice to adequately control *T. gondii* infection provides new insight into the involvement of PD-1 in acute immunity. The requirement of type-1 inflammatory responses for control of *T. gondii* has been thoroughly characterized [@b36]. Our findings that IL-12 and IFN-γ are significantly lower in *T. gondii-*infected PD-1^−/−^ mice is intriguing, because a potent type-1 cytokine response is required for protection against several pathogens [@b2],[@b37],[@b38]. T-cell/DC interactions in the lymphoid compartment are required to achieve optimal conditions for development of protective immunity. Further, in vivo DC IL-12 production is influenced by contact-dependent and -independent factors [@b39]. Previous studies of the role of PD-1 in the immune response to infection, which used T-cell deficient mice or immortalized cell lines, did not address the influence of the microenvironment, including DC/T-cell interactions [@b16],[@b40]. Our in vivo assessment of the involvement of PD-1 on IL-12 production suggests that the absence of PD-1 function creates conditions that inhibit development of a type-1 inflammatory response to intracellular microbial infection. The role of PD-1 during *T. gondii* infection has been previously investigated with neutralizing anti-PD-1 antibodies in WT animals [@b41],[@b42]. Although there are no data on IL-10 production in anti-PD1-treated *T. gondii-*infected mice, these previously reported findings are in line with a PD-1/PD-L1 counter-regulatory pathway. In contrast, our results indicate that genetic deficiency or antibody-mediated neutralization "prior" to infection can inhibit the development of protective type-1 immunity by increasing IL-10 production. Taking these observations together, we can speculate that there are at least two types of PD-1-dependent interactions, a homeostatic baseline PD-L1/L2-independent mechanism and a PD-L1-dependent pathway that predominates during an ongoing immune response against a pathogen.

Our results reveal that IL-10 production is enhanced when PD-1 activity is absent during steady-state conditions, as well as early after pathogen inoculation. This suppresses IL-12 production by DCs and macrophages in *T. gondii*-infected mice [@b7],[@b43],[@b44], even though endogenous IL-10 does not significantly inhibit IL-12 production in response to STAg injection in WT mice [@b25]. Indeed, the observation that IL-10 receptor neutralization and subsequent derepression of IL-12 and IFN-γ production in infected PD-1 deficient mice correct defective parasite elimination demonstrate that the increased steady-state and infection-induced IL-10 production in these mice plays a biologically relevant role in modulating the immune response in vivo.

The mechanism by which PD-1 limits IL-10 production remains unclear. Our results indicate that, as previously observed [@b45],[@b46], acute neutralization of PD-L1 inhibits IL-10 production, an effect opposite to that of PD-1 neutralization. Moreover, PD-L2 deficiency and PD-L1 neutralization in PD-L2-deficient mice had no detectable effect on baseline IL-10 induction. Interestingly, other reports indicated that PD-L1 neutralization promoted the induction of IL-10 [@b47]. The seeming discrepancy between our data and this previously published observation could arise from at least three potential mechanisms, the first of which may be the presence of a biologically active third ligand for PD-1. Second, differences in receptor and ligand expression may have an impact. Baseline PD-L1 expression is very low and is rapidly upregulated by cellular activation. While we followed IL-10 production in the absence of an ongoing immune response, other investigators have studied the role of PD-1 during an ongoing immune responses, which should upregulate ligand/receptor densities on both APCs and T cells. Under such conditions, the effect of PD-1 signaling may switch from limiting to promoting IL-10 production. Finally, the absence of the suppressive activity of PD-1 promotes the development of autoimmune disease, which may trigger increased IL-10 production as a secondary regulatory mechanism. This possibility suggests that combined IL-10 and PD-1 deficiency would promote severe, early development of autoimmunity, in contrast to the late development of autoimmunity in PD-1^−/−^ mice and the relatively mild autoimmunity in IL-10^−/−^ mice [@b48],[@b49].

PD-1 might also influence the response to *T. gondii* through other mechanisms. First, PD-1 may suppress protective responses to infection by limiting the activation of effector and memory T cells. Secondly, PD-1/PD-L1 interactions are required for the maturation of DCs and their ability to promote expansion of protective T-cell responses. Finally, PD-1 deficiency can induce significant changes in the gut microbiota [@b50]. Such changes might influence the number of IL-10-producing CD4^+^ CD25^−^ cells within the gastrointestinal tract. However, data from Kawamoto et al. as well as our experiments do not show significant differences in IL-10 content within lymphocytes from Peyer's patches or IL-10 producing cells derived from the mesenteric lymph nodes [@b50].

Steady-state IL-10 is predominantly produced by intestinal leukocytes. These cells, which include Tr1 and Foxp3^+^ regulatory T cells, release IL-10 that inhibits a pathological immune response to gut flora [@b51]--[@b53]. In peripheral tissues other than the small and large intestine, the predominant source of homeostatic IL-10 are B cells, although these cells produce only low levels of this cytokine [@b32]. In contrast, induction of effector T cell IL-10 production requires antigen and APCs [@b31]. However, we did not see increased IL-10 production by gut mucosa or mesenteric lymph node cells from PD-1-deficient hosts (not shown). This suggests that the increased production of IL-10 in the absence of PD-1 is derived from the systemic, rather than the mucosal immune system.

Within the past few years PD-1 has become an immuno-therapeutic target for a variety of illnesses seen in clinics because of its ability to inhibit protective immune responses. PD-1 is upregulated on HIV-specific CD8^+^ T cells and experimental blockade of PD-1 enhances proliferation and cytokine production [@b54],[@b55]. NK and NKT cells from patients infected with *Mycobacterium tuberculosis* express elevated levels of PD-1 and in vitro blockade of PD-1 signaling increases NK and NKT cell proliferation [@b56],[@b57]. In contrast, our observations suggest caution in the use of PD-1 antagonists with evaluation of IL-10 levels and susceptibility to opportunistic infections.

Materials and methods
=====================

Mice
----

C57BL/6 mice 6--10 weeks of age were purchased from Jackson Laboratories and housed under specific pathogen-free conditions in the AAALAC-accredited Cincinnati Children's Hospital Research Foundation animal facility under approved IACUC guidelines. PD-1^−/−^ mice were kindly provided by Tasuku Honjo (Kyoto University, Kyoto, Japan) [@b58]. Vert-X mice (IL-10 reporter) were kindly provided by Christopher Karp (Cincinnati Children's Hospital Research Foundation) [@b32]. Age (6--10 wk) and sex-matched mice were used in all experiments.

Parasite infection procedures, STAg, and antibody treatment
-----------------------------------------------------------

*T. gondii* cysts from the avirulent strain ME49 were prepared from brain homogenates obtained from chronically infected C57BL/6 mice and inoculated i.p. (50 cysts/animal unless otherwise indicated). Survival studies were performed following IACUC guidelines. Daily weight was monitored and animals were euthanized when the mice became moribund and severe weight-loss was observed (\>20% body weight decline). STAg was prepared as previously described [@b59]. Mice were injected i.p. with STAg (20 μg/0.2 mL/mouse). For in vivo neutralization of IL-10R, mice were injected with anti-IL-10R (clone 1B1.3A) or isotype control antibody (clone GL113) (100 μg/0.2 mL/mouse). For in vivo blockade of PD-1-PD-L signaling, mice received four i.p. injections over 12 days of 250 μg of anti-PD-1 (RMP1--14), -PD-L1 (MIH5), and -PD-L2 (TY25) (PD-1 and PD-L2 blocking antibodies were purchased by Bio X Cell). Prior optimization indicated that 3-day treatment with two injection of anti-PD-1 did not change baseline IL-10 production (data not shown).

Cell purification, culture conditions, and cytokine measurements
----------------------------------------------------------------

Splenocytes and CD11c^+^ cells were obtained from collagenase-treated spleens from naïve mice. CD11c^+^ cells were purified using CD11c MicroBeads followed by MACS column purification (Miltenyi Biotech, Gladbach, Germany). Cells were cultured overnight at 37°C and 5% CO~2~. Supernatants were harvested and stored at --20°C until cytokine analysis. IL-12p40, IL-12p70, and IFN-γ were quantified by ELISA using commercial kits (R&D systems). Samples were analyzed in triplicate. For quantification of IL-10, the in vivo cytokine capture assay was used, as described previously [@b30]. Briefly, mice were injected i.p. with 10 ug of biotin-labeled anti-IL-10. A range of 16--24 h later serum was harvested from mice. Serum was then incubated in microtiter plates previously coated with a mAb against a second epitope of IL-10. The plate coating antibody-IL-10-biotin-antibody complex was then quantitated by adding enzyme-streptavidin complex followed by substrate.

mRNA purification and QRT-PCR
-----------------------------

Total RNA was purified from total splenocytes using trizol reagent (Invitrogen). cDNA was prepared from purified RNA using the TaqMan cDNA synthesis kit (Roche). Gene expression was measured using LightCycler 480 software according to the manufacturer's instructions (Roche). Relative expression was measured using the ΔΔCT-Method.

Flow cytometry
--------------

Antibodies to cell surface markers and *T. gondii-*specific tetramers (NIH Tetramer Core Facility) were used according to directions provided by the manufacturer. For surface staining, cells were labeled in a PBS solution containing 1% FBS + 0.1%NaN~3~ (FACS buffer) and fixed with 4% methanol-free paraformaldehyde in FACS buffer to minimize loss of eGFP. For tetramer staining, CD3/CD4/CD8 stained cells were incubated with tetramers (TGME49 for CD4^+^ cells and TGD057 for CD8^+^ cells) for 1 hr at 37°C [@b60],[@b61]. A LSRII (BD Biosciences) was used for all flow cytometry experiments. FlowJo software (Treestar, Inc.) was used to analyze flow cytometry data. Gating strategies are shown in Supporting Information Fig. [1](#fig01){ref-type="fig"} and [2](#fig02){ref-type="fig"}.

Statistics
----------

Experimental data are expressed as mean ± SEM. The statistical significance of differences in mean values was determined using Students *t* test or, when necessary, a two-way ANOVA with a Bonferoni posttest. Survival data are presented as a Kaplan--Meier survival curve and analyzed with a log-rank test. Differences of at least *p* \< 0.05 are considered to be significant.
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